In March 2003, a novel coronavirus was isolated from patients exhibiting atypical pneumonia and subsequently proven to be the causative agent of the disease now referred to as severe acute respiratory syndrome (SARS). The complete genome of the SARS coronavirus (SARS-CoV) has since been sequenced. The SARS-CoV nucleocapsid (SARS-CoV N) shares little homology with other members of the coronavirus family. To determine if the N protein is involved in the regulation of cellular signal transduction, an ELISA-based assay on transcription factors was used. We found that the amount of transcription factors binding to promoter sequences of c-Fos, ATF2, CREB-1, and FosB was increased by the expression of SARS-CoV N. Since these factors are related to AP-1 signal transduction pathway, we investigated whether the AP-1 pathway was activated by SARS-CoV N protein using the PathDetect system. The results demonstrated that the expression of N protein, not the membrane protein (M), activated AP-1 pathway. We also found that SARS-CoV N protein does not activate NF-jB pathway, demonstrating that activation of important cellular pathways by SAS-CoV N protein is selective. Thus our data for the first time indicate that SARS-CoV has encoded a strategy to regulate cellular signaling process.
Coronaviruses are enveloped viruses with a singlestranded positive-sense RNA genome approximately 30 kb in length [1] . The two common human coronaviruses, HCoV-229E and HCoV-OC43, are frequently the cause of mild respiratory illnesses. In contrast, the novel coronavirus associated with severe acute respiratory syndrome (SARS-CoV) has been observed to induce fever, edema, and diffuse alveolar damage in severely affected individuals [2] . SARS-CoV is markedly different from other members of the Coronaviridae family in that it is the only coronavirus known to cause severe morbidity and mortality in humans [3, 4] .
The gene that encodes the 46 kDa SARS-CoV nucleocapsid protein (N) directly precedes the 3 0 -UTR of the 29.7 kb viral genome [5] . Several functions including viral packaging, viral core formation, and vRNA synthesis have been attributed to the coronavirus nucleocapsid [6] . However, the SARS-CoV N protein shares little homology with other members of the coronavirus family. It is noted that SARS-CoV N protein contains a short lysine-rich sequence (KTFPPTEPKKDKKKK TDEAQ) near the carboxyl terminus, which has not been found in any other known coronaviruses (aa 362-381) [7] . Yet, it is likely that this region acts as a nuclear localization signal allowing nucleocapsid protein to enter the nucleus by passive diffusion [8] . Indeed, coronavirus nucleocapsid proteins from all three identified Coronaviridae groups have recently been found to localize in the cytoplasm and nucleus in both virus-infected and plasmid-transfected cells [9] . Furthermore, SARS-CoV N protein is also suspected to be extensively phosphorylated after translation, which may allow it to enter the nucleolus at certain stages of the cell cycle [6] . While inside the nucleolus during interphase, the nucleocapsid protein has an opportunity to interact with a wide variety of regulatory complexes and transcription factors.
Many endogenous proteins that localize in the nucleus have been identified as regulators of the cell cycle. Numerous virus species have also evolved strategies in order to induce or inhibit intracellular host cell signaling through this natural protein mechanism. Viruses such as herpes virus and poxvirus encode proteins that can block regulatory enzymes or mimic natural transcription factors [10, 11] . This beneficial control over the host cell cycle can either facilitate the early release of virus progeny or help the emerging virus evade the host immune system. The SARS-CoV nucleocapsid, as discussed above, may also affect host signal transduction pathways resulting in apoptosis, inflammation or other cellular processes. One specific pathway, the activator protein 1 (AP-1) pathway, is a regulator of a wide variety of cellular processes, including cell proliferation, differentiation, and apoptosis [12] . Therefore it is an attractive target for signal transduction modification by viral proteins.
In the current study, the possible regulatory interactions of the SARS-CoV N protein in the AP-1 pathway were investigated through a cis-reporting in vitro microarray and an in vivo inducible-vector assay. The ability of SARS-CoV N protein to affect multiple signal transduction pathways was investigated using the TransFactor assay, an ELISA-based detection with similar sensitivity as gel-mobility shift assays, to map several possible protein-DNA interactions. The Path-Detect assay, an alternative method to measure signal transduction changes, was also used to confirm the signal transduction activation found by TransFactor analysis.
Materials and methods
Construction of recombinant vectors. The pcDNA 3:1ðÀÞ expression vector was obtained from Invitrogen (Carlsbad, CA). The nucleocapsid gene (GenBank Accession #AY274119) was amplified by RT-PCR from the SARS-CoV RNA of patient serum samples. Primers for the amplification are 5 0 -GTACGAATTCATGTCTGATAATGGACC CCAATC-3 0 and 5 0 -GTACGGATCCGTGGTCATCATGAGTGT TTATG-3 0 . The amplified product was then purified with MiniElute PCR Purification kit (Qiagen, Valencia, CA). The purified product was subsequently digested with EcoRI and BamHI, and then ligated with pcDNA 3:1ðÀÞ digested with the same restriction enzymes. The final expression vector for SARS-CoV N is designated as pcDNA-N in this report. The gene for SARS-CoV membrane was amplified with the following primers: 5 0 -GTACGAATTCATGGCAGACAACGGTA-3 0 and GTACGGATCCTTACTGTACTAGCAAAGCA. The PCR product was cloned into pcDNA 3:1ðÀÞ in EcoRI and BamHI sites as mentioned above. The final expression vector for SARS-CoV M is designated as pcDNA-M in this report.
Cell culture. The African green monkey kidney cell line Vero cells and human hepatocellular carcinoma cell line Huh7 cells were cultured in Dulbecco's modified Eagle's medium, supplemented with 10% heatinactivated fetal bovine serum and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA). The Huh7 cell line was chosen for the current study due to its high transfection efficiency [13] , while Vero cells were selected because they are susceptible to SARS-CoV infection [4] . All cell cultures were maintained in a humidified 5% CO 2 incubator at 37°C.
Cell transfection. As much as 1 Â 10 7 cells were used for transfection using Effectene transfection reagent according to the manufacturer's protocol (Qiagen, Valencia, CA). Briefly, cells were first washed with serum-free DMEM. Thirty micrograms of plasmid DNA (pcDNA 3:1ðÀÞ , pcDNA 3:1ðÀÞ vector with nucleocapsid gene (pcDNA 3:1ðÀÞ + N) or mock transfection) and 240 ll of enhancer were mixed with 4.5 ml of EC buffer and incubated at room temperature for 5 min. For dose-response experiments, the empty vector (pcDNA 3À1 ) was added to hold each individual transfection with the same amount of DNA (30 lg). After addition of 375 ll of the Effectene reagent, the transfection mixture was again incubated for 10 min, followed by dropwise addition to the cell culture. The transfection efficiency is routinely monitored by co-transfecting the cells with pEGFP (Clontech, Palo Alto, CA) In addition, the experiments triplicated for each transfection were repeated at least 3-5 times with SD (Standard Deviation) being less than 10% (see Figure legends for details).
Western blotting. Protein samples were fractionated on 4-12% SDS-PAGE (Invitrogen, Carlsbad, CA) and transferred to PVDF membrane using semi-dry protein transfer apparatus (Bio-Rad, Hercules, CA). The membrane was blocked for 1 h with 5% skimmed milk in TBS buffer (20 mM Tris base, 137 mM NaCl, pH 7.6) containing 0.2% Tween 20. Following the blocking the membrane was probed with chicken IgY antibody against the N protein sequence PKKDKKKKTDEAQPLPQRQK (custom antibody from Sigmagenosystem, The Woodland, TX). Goat anti-chicken HRP-conjugated antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) was added. The results were finally revealed by using Pierce Biotechonlogy SuperSignal West Femto Maximum Sensitivity Substrate (Rockford, IL).
Nuclear extraction. Cells were harvested 48 h after transfection for nuclear extraction using the TransFactor extraction kit (BD Biosciences, Palo Alto, CA) according to the manufacturer's instruction. Briefly, 150 mm 2 flasks of transfected Huh7 cells were washed with PBS and incubated with the provided lysis buffer on ice for approximately 15 min. Lysed cells were then scraped from flasks, transferred to centrifuge tubes and repeatedly disrupted by aspiration through a narrow-gauge needle. The cell sample was then centrifuged and the cytosolic supernatant fraction was removed. Pelleted nuclei fractions were then resuspended in an extraction buffer and again subjected to disruption by needle aspiration. After centrifugation, the nuclear extract supernatant fraction was collected and stored in small aliquots at )20°C.
TransFactor analysis. To analyze the inflammation-related transcription factors associated with SARS-CoV N, the in vitro Trans-Factor Inflammation Profiling Kit was used (BD Biosciences, Palo Alto, CA) ( Fig. 1A) . The provided positive-control nuclear extracts were used along with the prepared nuclear extracts according to the manufacturer's standard protocol. Briefly, the provided 96-well TransFactor plate was blocked with a blocking buffer supplied by the manufacturer for 15 min, then removed and replaced with 50 ll of nuclear extract and incubated at room temperature for 1 h. Plates were then washed three times with blocking buffer, incubated with provided primary antibodies, and washed three times. Bound primary antibodies were detected through incubation with HRP-conjugated secondary antibody and the addition of TMB substrate. Absorbance measurements were detected at 655 nm on a standard microplate reader.
PathDetect reporting system. The AP-1 and NF-jB signal transduction pathways were assayed in vivo using the PathDetect AP-1 cis-reporting system (Fig. 1B) according to the manufacturer's instructions (Stratagene, La Jolla, CA). Briefly, 24-well tissue culture plates were seeded with approximately 1 Â 10 5 Vero and Huh7 cells in 0.5 ml of complete DMEM. After 12 h, cells were cotransfected with 50 ng of the AP-1 reporter vector encoding the luciferase gene, and 500 ng of the constructed vectors pcDNA 3:1ðÀÞ , pcDNA-M, and pcDNA-N. Appropriate controls for transfection efficiency were also transfected as recommended by the manufacturer. After 48 h, the reporter luciferase was extracted by cell lysis and quantitated on a TD-20/20 luminometer (Turner BioSystems, Sunnyvale, CA) using the Luciferase Assay kit (Promega, Madison, WI).
Results and discussion

Identification of SARS-CoV nucleocapsid protein
The expression of NC protein in Huh7 cells was measured by Western blot using chicken IgY antibody against N protein. We transfected cells with pcDNA 3:1ðÀÞ and pcDNA-N, and harvested the cells 48 h post transfection. The cell lysate samples were subjected to 4-12% SDS-PAGE and transferred to PVDF membrane. Chicken anti-N antibody was used to probe the expression of viral nucleocapsid protein, followed by donkey anti-chicken horseradish peroxidase as secondary antibody. As indicated in Fig. 2 , SARS-CoV N protein expression was only observed in cells transfected by pcDNA-N construct, but not in mock or pcDNA 3:1ðÀÞ transfected samples. This experiment showed that N was expressed from pcDNA-N construct.
TransFactor analysis
The TransFactor profiling kit, which offers a high sensitivity signal, was employed to determine changes of expression levels of several signal transduction factors. Individual plate wells are coated with the wild-type cisacting DNA elements for several inflammation-related transcription factors. After addition of nuclear extract, cellular transcription factors bind to their consensus sequences and interactions are measured by colorimetric changes. As the standard microplate reader could only register one blank well per TransFactor plate, relative negative controls were used to determine the activity of each experimental sample, with a sample reading of 2-fold higher than the controls being deemed significant. The transcription factors c-Fos, FosB, CREB-1, and ATF2 were all activated by the addition of SARS-CoV N protein to the sample well, with CREB-1 having the most dramatic increase in activity, about five times higher than the vector control (Fig. 3) . c-Fos, FosB, and ATF-2 all showed increased colorimetric activities as indicated in Fig. 3 . These factors are components of AP-1 signal transduction pathway, and their activation suggested that SARS-CoV N protein is involved in AP-1 activation. In contrast, NF-jB sample did not show increased signals, suggesting that the increase of signals of AP-1-related factors is specific.
Determination of AP-1 activation with PathDetect system
To further confirm the activation of AP-1 signal transduction pathway, we employed the PathDetect as-say to examine the effect of the nucleocapsid protein on this transcription complex. The PathDetect pAP-1 Luc reporter vector uses the inducible cis-enhancer element (TGACTAA) 7 to bind potential regulators of AP-1 activity. Two cell lines were used in this assay, Vero cells, and Hu7 cells. We used pcDNA-N as N protein expression vector pcDNA 3:1ðÀÞ , and a construct expressing SARS-CoV membrane protein in pcDNA 3:1 (pcDNA-M) to investigate whether NC specifically induces AP-1 signal transduction pathway. We also transfected serial dilutions of the aforementioned constructs to determine if AP-1 activation is dose-dependent. The luminometer reading for the mock transfection was considered blank for this experiment. As shown in Fig. 4A , the results from Vero cells indicated that transfection of pcDNA-N resulted in about four times higher chemiluminescence reading than that in cells transfected with either the pcDNA 3:1ðÀÞ or pcDNA-M. With a decrease in amount of pcDNA-N, Ap-1 activities decreased accordingly in the pCDNA-N transfected cells, clearly suggesting that induction of AP-1 by SARS-CoV N protein is dosedependent. Noticeably, transfection of cells with neither the pcDNA-M nor pcDNA 3:1 vector was found to affect AP-1 activities. To further determine whether this activation is cell-type specific, the Huh7 cells were used under the same experimental conditions. As shown in Fig. 4B , AP activation by SARS-CoV N protein is four times higher than that observed in cells transfected with either pcDNA 3:1ðÀÞ or pcDNA-M. Clearly, results obtained from the two cell lines are consistent in terms of AP-1 activation.
To further determine that the activation of AP-1 pathway by SARS-CoV N protein is pathway-selective, we performed the PathDetect study using NF-jB luciferase reporter vector. Again the same cell lines were used (Vero and Huh7 cells) for transfection with pcDNA 3:1ðÀÞ , pcDNA-M, and pcDNA-N using conditions described above. The pFC-MEKK vector, supplied by the manufacturer of PathDetect system, was used as the positive control for NF-jB activation. Luciferase assay was conducted to measure the NF-jB activity. As indicated in Fig. 5 , the luciferase activity readings of Vero and Huh7 cells transfected by pcDNA-N vector are at the similar level as cells transfected by pcDNA 3:1ðÀÞ and pcDNA-M, indicating that SARS-CoV N protein expression does not activate the activation of NF-jB pathway; therefore, the activation of AP-1 by the expression of SARS-CoV N protein is pathway-specific.
Taken together, we have shown that the coronavirus N protein can activate AP-1 signal transduction pathway. Our data also demonstrated that the AP-1 pathway, not NF-jB signaling, can be activated by SARS-CoV N, suggesting that activation of cellular pathways by SARS-CoV N protein is selective. To our knowledge, this is the first time that a coronavirus N protein has been identified as AP-1 signal transduction activator. In addition, we have also found that the induction of AP-1 by SARS-CoV N protein is not cell type-specific because in both Vero and Huh7 cells AP-1 activities were increased by SARS-CoV N protein expression. Finally, the fact that expression of SARS-CoV M protein did not result in an increase in the level of AP-1 activities not only rules out the possibilities of experimental artifacts but also strengthens the claim of selective activation of AP-1 by SARS-CoV N protein.
The transcription factor AP-1 is composed of homodimers and heterodimers of Fos, Jun, CREB, and ATF subunits which form a specific DNA binding complex for the sequence 5 0 -TGAGTCA-3 0 [14] . Indeed, our data have demonstrated that following SARS-CoV N protein expression, binding of the aforementioned critical components to the AP-1 DNA elements has been substantially enhanced (Fig. 1) .
The c-Fos, FosB, and ATF/CREB oncoproteins are members of a family of transcription factors that have been shown to comprise AP-1, a central transcription factor complex that binds to the promoters of numerous genes [15] . C-Fos and FosB are cellular homologues of a viral oncogene carried by murine sarcoma virus, and together with Jun or ATF transcription factors, assemble to form the heterodimer AP-1 complex. The Jun transcription factors can form homodimers with other Jun subunits or heterodimers with any of the AP-1-related factors, and are therefore also central to the AP-1 signal transduction pathway [14] .
The mechanism involved in AP-1 signal transduction activation by SARS-CoV N protein currently remains unknown. Interaction of the nucleocapsid proteins from other members of the coronavirus with the AP-1 pathway has not been documented in the literature. Whether SARS-CoV NC directly interacts with components of AP pathway or other intermediate proteins requires vigorous investigation. Furthermore, dissection of the functional domains of SARS-CoV N protein and/or identification of amino acid residue(s) involved in AP-1 activation will provide insightful information regarding pathogenesis of SARS. These studies are currently under way in our laboratories. In conclusion, our study for the first time shows that SARS-CoV can activate important signal transduction pathway with appreciable selectivity since AP-1, not NF-jB, is activated by SARS-CoV N protein, while the SAS-CoV M was found not to activate either AP-1 or NF-jB.
